Glucose homeostasis is controlled by a glucose sensor in pancreatic fl-cells. Studies on rodent fl-cells have suggested a role for GLUT2 and glucokinase in this control function and in mechanisms leading to diabetes. Little direct evidence exists so far to implicate these two proteins in glucose recognition by human (3-cells. The present in vitro study investigates the role of glucose transport and phosphorylation in fl-cell preparations from nondiabetic human pancreata. Human fl-cells differ from rodent f8-cells in glucose transporter gene expression (predominantly GLUT1 instead of GLUT2), explaining their low K. (3 mmol/liter) and low V m^x (3 mmol/min per liter) for 3-0-methyl glucose transport. The 100-fold lower GLUT2 abundance in human versus rat fl-cells is associated with a 10-fold slower uptake of alloxan, explaining their resistance to this rodent diabetogenic agent. Human and rat f-cells exhibit comparable glucokinase expression with similar flux-generating influence on total glucose utilization. These data underline the importance of glucokinase but not of GLUT2 in the glucose sensor of human fl-cells. (J. Clin. Invest 96:2489-2495
Introduction
In some patients with noninsulin-dependent diabetes mellitus (NIDDM)' the loss of glucose-induced insulin release is attributed to a defect in glucose sensing by pancreatic /-cells (1) . The molecular nature of this defect has not yet been identified. In the absence of sufficient data on isolated human /3-cells, NIDDM, noninsulin-dependent diabetes mellitus. current hypotheses have been derived from rodent insulin-producing /3-cells. In rat /3-cells the mechanism of glucose regulation requires intracellular catabolism of the sugar (2), with possible critical steps at the level of GLUT2, the liver-type glucose transporter (3) , and glucokinase, the liver-type hexokinase isoform (4) . Both proteins operate at proximal glycolysis and exhibit a high Km for glucose. GLUT2 gene transfection confers glucose responsiveness to rat cell lines (5-7) while transgenic mice with down-regulated GLUT2 or glucokinase in /3-cells exhibit disturbed glucose tolerance (8, 9) . Parallel reduction of /3-cell GLUT2 and loss of glucose-induced insulin release has been described in several rat and mouse models with spontaneous diabetes (10) (11) (12) . Glucokinase gene mutations have been identified in families with maturity onset diabetes of the young (13) and in a subset of American blacks with NIDDM (14) . On the contrary, no GLUT2 mutations have so far been observed in NIDDM (15) , except for a single case in which heterozygosity was noticed for a conservative Val197 -+ Ile missense mutation (16) . The present study on isolated human /3-cells provides direct evidence for a role of glucokinase in the human glucose sensor, while the participation of GLUT2 could not be demonstrated.
Methods
Preparation of human islet beta cells. Human pancreatic tissue and islet cells were obtained as samples from a multicenter program on /3-cell transplantation in diabetes (17) that has been approved by central and local ethical committees. The islets were isolated after collagenase perfusion and Ficoll gradient centrifugation (18) . The cold preservation time of the organs was 10±3 h (mean±SD), while the islet isolation procedure took on average 5 h. The number of pancreata processed for islet or islet cell preparations used in this study was 
Results
Metabolic properties of human islet cells. Human islet cells obtained from cultured isolated islets were incubated with various glucose concentrations to test their metabolic properties. Under these conditions, glucose induces a dose-dependent release of insulin (26) . Cellular glucose utilization and glucose oxidation increased 4-to 6-fold when substrate levels were raised from 1 to 20 mmol/liter (Fig. 1) . Compatible with their physiological role as glucose sensors, human islet cells exhibited glucose metabolism which was proportional to extracellular glucose levels between 5 and 10 mmol/liter (Fig. 1) . Zerotrans uptake of the nonmetabolizable analogue 3-OMG was saturated half-maximally and maximally at 3 and 10 mmol/liter substrate, respectively, so that a 30% increase in transport was observed between 5 and 10 mmol/liter 3-OMG (Table I) . The calculated uptake rates were -10 times lower than those observed in rat islet cells (3, 20) , yet exceeded metabolic flux through glycolysis by a factor of five, suggesting that transport is not rate limiting for overall glucose metabolism. On the other hand, high-Km glucose phosphorylation via glucokinase proceeded at rates which were comparable to overall glycolysis in intact human islet cells (Table I) ; this glucokinase activity was similar to that in rat fi-cells (20) . Extracts of human islet cells were found to contain low-Km hexokinases, which catalyzed more than 50% of total glucose phosphorylation at 20 mmol/ liter glucose. This low-Km phosphorylation was 80±5% suppressed by 2.5 mmol/liter glucose 6-phosphate (meanSE; n = 4). When purified chromatographically using DEAE Sepharose, low-Km hexokinase activity was 90% saturated at 1 mmol/liter substrate (data not shown). Fluorescence-activated sorting of endocrine and nonendocrine cells further showed that the low- . E j i t e t _ ' . Km hexokinase activity observed in the islet cell preparation was mainly (85±5%; mean±SE; n = 3) localized in nonendocrine cells.
Glucose transporter and glucokinase gene expression by human islet cells. Northern blots of total RNA from human islets hybridized to GLUTI, GLUT3, and glucokinase cDNA probes; GLUT2 signal intensity was very low and only visible after prolonged autoradiographic exposure (Fig. 2 A) . As positive control for the blots, human placenta RNA (2.5 jig) hybridized with the GLUT1 and GLUT3 probes, while human liver was strongly positive for GLUT2. The 2.5 Itg liver RNA was close to, or below, the detection limit to visualize glucokinase and P-actin transcripts ( Fig. 2 A) ; however, clear signals were observed after blotting 10 ,ug of liver total RNA (data not shown).
Quantification of the hybridization signals by phosphorimaging resulted in GLUT2 over fi-actin signal intensity ratios which were at least two orders of magnitude higher in human liver tissue than in human islets. In contrast, glucokinase over f3-actin signal ratios were comparable in human islets and liver. The mRNA hybridization data were confirmed by amplification of reverse-transcribed RNA (reverse transcriptase-PCR), performed with RNA from five human islet preparations: abundant GLUTI, GLUT3, and glucokinase cDNA fragments of appropriate length were reproducibly obtained after 40 cycles of amplification, while only weak GLUT2 signals were observed (data not shown). The sequence of the cloned 663-bp GLUT2 PCR fragment was identical to the published corresponding sequence of human pancreatic GLUT2 (27) . The low GLUT2 gene expression in human islet cells was confirmed at the protein level (Fig. 2 B) . All six pancreatic islet cell preparations clearly contained GLUTi immunoreactivity, while the GLUT2 protein was not detected. Immunoblotting for GLUT3 resulted in multiple bands, including a 45-48 kD protein that was also expressed in placenta (data not shown). In agreement with the RNA data, glucokinase protein was present in comparable quantities in human islet tissue and liver (Fig. 2  B) . The immunostaining for GLUT1, GLUT2, and GLUT3 in pancreatic sections (Fig. 3 ) was in agreement with these in vitro data. For GLUT2 immunohistochemistry, human liver tissue served as positive control. Human liver GLUT2 immunostaining was observed on the sinusoidal face of the parenchymal cell membrane; staining was most intense in the perivenous area and declined towards the periportal zone (Fig. 3 A) . This distribution may be related to metabolic zonation of the liver, with preferential postprandial glucose uptake in the perivenous region of the liver lobules (28) . In contrast, sections from human donor pancreata (Fig. 3 C) were negative for GLUT2 immunostaining. This negative result was confirmed on a partial pancreatic resection from nondiabetic subject (data not shown). The islet sections were positive for GLUTi and GLUT3, which were both preferentially localized in the plasma membrane (Fig.  3, D and E ). These observations were further supported by immunoblots of freshly isolated human islets (Fig. 2 C) were GLUT2 negative and GLUTI positive. Two-step dilution series of human (Fig. 2 D) and rat (Fig. 2 E) islet cell protein allowed detection of rat GLUT2 in up to 64-fold diluted samples, while human islet GLUT2 was not detected, even in undiluted samples. In a second experiment, rat islet GLUT2 was detected after 128-fold dilution, while undiluted human islet GLUT2 was again not detected (data not shown). On the other hand, human and rat liver contained similar amounts of GLUT2 (data not shown) and human and rat islets exhibited comparable glucokinase abundancies (Fig. 2, D and E).
3-OMG and alloxan uptake in rat and human islet cells.
Since human /3-cells are less sensitive than rat islet /3-cells to the toxic action of alloxan (29), a glucose-like molecule, we examined whether the low expression of GLUT2 results in low rates of alloxan uptake. We therefore compared the uptake kinetics of '4C-labeled alloxan and 3H-labeled 3-OMG in rat and human islet cells. Both compounds were transported 10 times more slowly in human than in rat islet cells (Fig. 4) . In rat cells, alloxan uptake was competitively inhibited by unlabeled 3-OMG but not by L-glucose (data not shown), indicating that the agent indeed enters the cells via a glucose transporter. Since alloxan is oxidized rapidly in water to alloxanic acid (25), which can no longer enter the cells, intracellular concentration decreased in rat cells after a peak value at 3 min. As a consequence, high alloxan concentrations are rapidly reached in rat but not in human /3-cells. The total area under the curve, assumed to represent a direct index of cytoplasmic exposure to the toxin, was therefore at least 10-fold lower in human /-cells than in rat /-cells (Fig. 4 B) .
Discussion
The present study describes some metabolic properties of human pancreatic islet cells. Cellular glucose utilization and oxidation were proportional to extracellular glucose concentrations within the physiological range between 3 and 10 mmol/liter.
This metabolic feature was previously observed in purified rat /-cells (20, 30) and seems therefore essential for a tissue equipped with a metabolic glucose sensor. Glucose phosphorylation via glucokinase parallelled the overall glycolytic flux in intact human islet cells. This glucokinase activity was similar to that found in rat P-cells (20) . In line with a previous observation in microdissected human islets (31), human islet cell extracts were found to contain substantial amounts of low-Km hexokinase activity. This low-Km hexokinase activity is probably of minor importance for the glucose sensor of normal /-cells in vivo since (a) chromatographically purified hexokinase was 90% saturated at 1 mmol/liter substrate; (b) low-Km phosphorylation was 80% suppressed by 2.5 mmol/liter glucose-6-phosphate, which might be representative for intact cells containing glucokinase and exposed to glucose levels above 5 mmol/liter; (c) the hexokinase activity of the islet cell preparation is mainly localized in nonendocrine cells as evaluated after fluorescence-activated sorting of endocrine and nonendocrine cells.
In contrast to the similarities at the level of glycolysis and glucokinase activity, the 3-OMG uptake rates by human islet cells were 10 times lower than those observed in rat islet cells (3, 20) . Because 3-OMG uptake in human islet cells still exceeded metabolic flux through glycolysis by a factor of five, it can be proposed that transport is not rate limiting for overall glucose metabolism. The 10-fold lower rates of 3-OMG transport in human islet cells as compared to rat islet cells were correlated to low levels of the high capacity glucose transporter GLUT2 mRNA in human islet cells. These results were confirmed both at the protein level and at the level of functional activity. The observed Km for zero-trans 3-0-methyl glucose uptake (3 mmol/liter) is indeed much lower than the described Km for rat GLUT2 (32) and seems more compatible with GLUTI and/or GLUT3 (33, 34) .
Since culture of isolated rat islets is known to induce GLUTI immunoreactivity and reduce GLUT2 expression (35), we considered the possibility that culture of human islets had down-regulated GLUT2 to levels below the detection limits of our assays and up-regulated GLUTI in parallel. Immunohistochemical analysis of tissue sections did not reveal GLUT2 positivity in human islets, suggesting that the in vitro data reflect a biological phenomenon rather than an artifact of the isolation procedure. Also arguing against the role of cell manipulation is the fact that protein expression studies in freshly isolated human islets gave similar results when compared to cultured islets. The same observations were made for cold-preserved and freshly fixed tissue and for donors with different antemortem conditions, indicating that these variables had no major influence on islet and liver GLUT2 immunostaining. It seems therefore reasonable to conclude that human islet cells express little GLUT2 in comparison to GLUTI or GLUT3 and that the human P-cell GLUT2 expression level is markedly lower than in rat for its down-regulation in animal models of NIDDM (36, 37) are topics of debate. The presence of GLUT3 protein in human fl-cells is in agreement with a reverse transcriptase-PCR study, which demonstrated amplified GLUT3 cDNA in a human islet preparation (38) . The present immunolocalization of GLUT3 in normal human islets is compatible with the idea that this transporter is widely distributed in man, in contrast to the mouse where GLUT3 is restricted to the central nervous system (39). The GLUT3 expression and islet cell membrane localization may also explain, at least in part, the observed low Km of 3-OMG uptake of human fl-cells. The relative contributions of GLUTI and GLUT3 in the overall uptake kinetics remain, however, unclear. Future experiments using antisense oligonucleotides or other gene manipulations of human islet cells may sort out this complicated issue.
The interspecies differences in GLUT2 expression do well explain the major difference in sensitivity of human and rat fcells for the cytotoxic action of streptozotocin (29) . Interestingly, this nitroso urea-derivative of glucose has been reported to enter GLUT2-expressing rodent fl-cells more rapidly than GLUT2-negative cells (40) , suggesting that the low GLUT2 expression in human f8-cells may be the cause for the low in vivo toxicity of streptozotocin in man. Since human ,l-cells are also resistant to the cytotoxic action of alloxan (29) , another rodent diabetogenic agent, uptake kinetics of radiolabeled alloxan and 3-OMG were compared in rat and human islet cells.
Uptake was indeed 10 times slower than in rat P-cells and could be stereospecifically competed for with 3-OMG. The different alloxan uptake kinetics in human islet cells resulted in a lower intracellular exposure level to the toxin and can therefore explain their differential sensitivity to the drug as compared to rat islet cells. It is of course conceivable that the differential alloxan toxicity in rat and man is the result of additional mechanisms such as increased expression of DNA repair or cellular defense proteins in human fl-cells.
In conclusion, the frequently cited hypothesis that defects in pancreatic beta-cell GLUT2 expression contribute to the pathogenesis of human NIDDM (3) may need to be reconsidered. On the other hand, our observations provide direct support to the view that glucokinase is implicated in the glucose sensor of human fl-cells (4) . They may form a basis for the concept that reduced glucokinase expression or activity can reduce the glucose responsiveness in human fl-cells. That such conditions occur in human disease has been suggested by genetic studies of maturity onset diabetes of the young, an autosomal dominant form of diabetes (13, 41) .
